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CHAPTER I
GENERAL INTRODUCTION TO SPECTRALLY SELECTIVE,
MATERIALS F'OR USE IN PHOTOTHE,RMAL SOLAR
ENERGY CONVERSION.
i .7 .  In t raduc tzor t
Renewed in te res t  in  so far  energy  has  deve loped in  the  ]as t  decade
a s  a  r e s u l t  o f  t h e  i n c r e a s i n g  c o s t s  o f  e n e r g y  f r o m  c o n v e n t l o n a l
resources  and the  techn i -ca l  and soc ia l  p rob lems assoc ia ted  w i th
n u c l e a r  e n e r g y  a p p l i c a t i o n .  D i f f e r e n t  p r o c e s s e s  e x i s t  t o  c o n v e r t
t h e  s o l a r  r a d i a t i o n  i n t o  a  u s a b l e  e n e r g y  f o r m ,  i . e .  p h o t o v o l t a i c ,
p h o t o t h e r m a l ,  p h o t o c h e m i c a l  a n d  p h o t o s y n t h e t i c  p r o c e s s e s .  N o w a d a y s ,
c o n v e r s i o n  l n t o  e l e c t r i - c i t y  ( p h o t o v o l t a i c  c o n v e r s i o n )  a n d  i n t o
h e a t  ( p h o t o t . h e r m a l  c o n v e r s i o n )  a r e  t h e  m o s t  i m p o r t a n t  m e t h o d s .
W e  w i l I  r e s t r i c t  o u r s e l v e s  t o  p h o t o t h e r m a l  c o n v e r s i o n  p r o c e s s e s .
T h e  e x t r a c t e d  t h e r m a l  e n e r g y  c a n  b e  u s e d  f o r  d i f f e r e n t  p u r p o s e s ,
wh ich  are  c lose ly  connected  w i th  the  tempera ture  leve l  a t  wh ich
t h e  h e a t  i s  e x t r a c t e d .  T h i s  i s  s u m m a r i z e d  i n  t a b l e  l . l  w h e r e  w e
have d is t inghu ished be tween f i ve  tempera ture  ranges .  For  each
t e m p e r a t u r e  r a n g e  t h e  m a i n  a p p l i c a t i o n  a n d  c o l l e c t o r  t y p e  u s e d ,
a r e  i n d i c a t e d  ( D u f f i e  a n d  B e c k m a n  1 9 7 4 ,  M e i n e l  a n d  M e i n e l  1 9 7 6 ) .
Table 1,.7. Ternperature Leoel of the ertracted heat ln connectdon uith
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v a r i o u s  c y p e s  w i c h  c o n c e n t r a t o r s
( c o n c e n t r a t i o n  r a t i o  5 0 - l  0 0 0 )
T o  d i s c u s s  t h e  e f f i c i e n c y  o f  t h e  p h o t o t h e r m a l  c o n v e r s i o n  p r o c e s s
a n d  i t s  d e p e n d e n c e  o n  t h e  t c m p e r a t u r e  l e v e l ,  w e  c o n s i d e r  t h e  m o s t
a l a m a n f : r r r  € n r m  n f  a  s o l e r  F n F r o v  c o l l e c t o r  a s  i s  i l l u s t r a t e d  i nv r r v !  Y f
F i n  1  I  T h a  i - s t a n t a n e o u s  h e a t  c u r r e n t  d e n s i t y  q . .  w h i c h  i sr ! : .  . J  Y -
d e l i v e r e d  b y  t h e  c o f l e c t o r  c a n  b e  e x p r e s s e d  a s  ( D u f f i e  a n d
B e c k m a n  1 9 7 4 ) :
e . l  =  o ^ r . E  -  o t t X - t a l  ( r / e  u + r / e " - r ) - r - r , ( T a - T c ) , ( 1 . r )
where  o ,_  =  to ta l  so la r  absorp tance o f
L ^ r t ^  =  t o t a l  t h e r m a l  e m i t t a n c e
d U
r e s p e c t i v e l y ,
T  =  t o t a l  s o l a r  t r a n s m i t t a n c ec
s o l o r  r o d i q t i o n
i l l
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+ 1 - r a  r 1 - r c n r l - r a r
u f r v  g v J v ! v 9 r ,
o f  t h e  a b s o r b e r  a n d  c o v e r /
o f  t h e  c o v e r ,
o bsor  ber
Fig. 1.7. Elementat:y photothermal solat, energ!./  coLleator..
S t e f a n - B o l t z m a n n  c o n s t a n t
^  
=  a b s o l u t e  t e m p e r a t u r e s  o f  a b s o r b e r  a n d  c o v e r ,
r e s p e c c r v e l - y ,
q a l  r  l i  r r : d  i  : n n a
h e a t  t r a n s f e r  c o e f f l c i e n t  f o r  c o n d u c t i o n  a n d  c o n v e c t i o n .
T h e  f i r s t  t e r m  o n  t h e  r i g h t  h a n d  s i d e  o f  e q .  ( I . I . )  r e p r e s e n t s
t h e  a b s o r b e d  h e a t  c u r r e n t  d e n s i t y ,  t h e  s e c o n d  t e r m  r e p r e s e n t s
t h e  t h e r m a l  r a d i a n t  h e a t  l o s s  t o w a r d s  t h e  c o v e r ,  a s s u m j - n g  t h e  c o v e r
to  be  opaque fo r  thermal  rad ia t ion .  The las t  te rm represents  the
sum o f  the  conduct ion  and convec t ion  heat  losses  towards  the  cover .
C o n d u c t i o n  l o s s  t h r o u g h  t h e  i n s u l a t i o n  h a s  b e e n  n e g l e c t e d .
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effic'tency as a function of the absorber
and uithout conductt:on and conuect't.on Losses.
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i s  F v n i c a l  f o r  a  f l a f - n l a f p  c n l l p c t o r  a t  a  4 5 o  t i l t .  T h e  c o v e r
m a t e r i a l  i s  t a k e n  t o  b e  g l a s s ,  w i t h  t .  =  0 . 8 5  a n d  e "  =  0 . 8 4
( H s i e h  a n d  S u  1 9 7 9 )  .  F o r  s i m p l i c i t y ,  T ^  i s  t a k e n  t o  b e  c o n s t a n t
a t  2 0 0 c .
F r o m  f i g .  1 . 2  i t  f o l - l o w s  t h a t  b e l o w  6 0 o C  o n l y ,  s u c h  a  c o l l e c t o r
h a s  a  r e a s o n a b l e  e f f i c i e n c y .  A  s l i g h t  i m p r o v e m e n t  c a n  b e  o b t a i n e d
b y  r e d u c i n g  t h e  c o n d u c t i o n  a n d  c o n v e c t i o n  l o s s e s  ( f o r  e x a m p l e  b y
e v a c u a t i n g  t h e  c o l l - e c t o r ) ,  a s  i s  i l l u s t r a t e d  b y  t h e  d a s h e d  c u r v e
i n  f i g .  I . 2  w h e r e  w e  h a v e  t a k e n  h  =  0 ,
T o  o b t a i n  a  m o r e  s i g n i f i c a n t  i m p r o v e m c n t ,  E  c a n  b e  i n c r e a s e d  b y  a
c o n c e n t r a t i n g  o p t i c a l  s y s t e m .  H o w e v e r ,  h i g h  c o n c e n t r a t i o n  r a t i o s
c a n  o n l y  b e  u s e d  i n  a r e a s  w i t h  a  r e l a t i v e l y  l o w  d i f f u s e  c o m p o n e n t
o f  t h e  s o l a r  i r r a d i a t i o n  a n d ,  f u r t h e r m o r e ,  n e e d  s o m e  f o r m  o f  s u n -
t r a c k i n g .
Another  method to  improve the  co l lec to r  per fo rmance is  to
d e c r e a s e  t h e  t h e r m a l  r a d i a n t  h e a t  l o s s e s .  F r o m  e q s .  ( 1 . 1 )  a n d
( I . 2 )  i t  f o l l o w s  t h a t  t h i s  c a n  b e  a c h i e v e d  i n  t w o  w a v s :
I .  r e d u c i n g
2 .  r e d u c i n g
w h i l e  k e e p i n g  0 a = f ,
w h i l e  k e e p i n g  t . = 1 .
S j -nce  the  spec t ra l  d is t r ibu t ions  o f  the  so la r  i r rad lance E.  and the
b lackbody rad ian t  ex i tance Mbl  (T)  have the i r  ma in  cont r ibu t ions  in
d i f f e r e n t  w a v e l e n g t h  r a n g e s  a s  l o n g  a s  T  i s  n o t  t o o  h i g h ,  t h e s e
d e m a n d s  c a n  b e  m e t  b y  r e q u i r i n g  t h a t  t h e  s p e c t r a l  r e f l e c t a n c e  O ) - 0
a t  v rave lengths  shor te r  than a  cu t -o f f  wave length  l .  and  p l : I  a t
l o n g e r  w a v e l e n g t h s .  T h i s  j - s  i l l u s t r a t e d  i n  f i g .  I . 3 .
In  the  case o f  the  absoy ,ber  the  to ta l  absorp tance orc  becomes
^ ^  
=  J  0 , E . d , {  /  Jq D  A  A
O O
where  Er  i s  the  spec t ra l  so la r
des ignates  the  in tegra t ion  over
thermal  emi t tance e^  (T)  fo l lows
c h a p t e r  2 )
( 1 . 3 )
i  r r : : d  i  a n n o  T J a 1 6  f  h o  q r r l - r c n r i  n +  q
* F "  -
the  so la r  spec t rum.  The to ta l
f r o m  K i r c h h o f f ' s  l - a w  e .  = 0 .  ( s e e
A A
( r . 4  )
O 6
e a ( r )  =  /  o l * b r ( r ) d ^  /  /  
" O ^ ( T ) d , ) , ,o o
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Fig .  1 .3 .  The spec t raL  so la r  i t tad tance E,  a t  sea-Leue l  and the  bLackbody
spectral v,adiant eritance MO^ at different ternperatures. The dashed cuv,ue
represents the spectraL reflectance of an ideal selectts;e surface,
tempera ture  T  as  g lven by  P lanck 's  1aw.
For  an  opaque absorber  o t r  =  I -p t r  and there fore  oas : l  and
c  r r r \  rA  ar r r f :aae w i th  these proper t ies  a re  ca l led  spec t raL lg" a . - ,
select iue absorbing surfaces or brlef ly select iue surfaces.
fn the case of Lhe transparent cooer, apart from the regulred
p t r ,  i t  i - s  a l s o  r e q u i r e d  t h a t ' r ^ = 1  f o r  1 . t r . .  S i n c e  o l + p t r + r l = 1  ( s e e
c h a p t e r  2 ) ,  t h i s  a d d i t i o n a l  r e q u i r e m e n t  i s  i d e n t i c a l  w i t h  c r ^ : 0
fo r  a l I  wave lengths  o f  in te res t .  The to ta l  so la r  t ransmi t tance o f
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w h i l e  t h e  t o t a l  t h e r m a l  e m i t t a n c e  i s  i d e n t i c a l  t o  e q ,  ( 1 . 4 )
r  a n r u a r  r . , . i  + r .  r  - I  a n d  e _ ( T )  = 0  i s  c a l l e d  a  s p e c t p a L l A  s e l e c t l u e
" . .  
.  c s
transmitt ing DindoLl or brief l-y select iae uindou.
The op t imum cut -o f f  wave length  ) , "  w i l l  be  in  the  over lap  re (
be tween bo th  energy  d is t r ibu t ions .  S ince  the  max imum of  the  ra r
ex i tance curve  sh i f t s  towards  shor te r  wave lengths  w j - th  inc reas :
tempera ture ,  l ^  w i l l  depend on  the  opera t ing  tempera ture .
U s u a l l y ,  l "  i s  c h o s e n  t o  b e  b e t w e e n  I . 5  a n d  2 . 0  p m ,  i n  w h i c h  c i
the  f rac t ions  o f  the  so la r  l r rad iance a t  sea  leve1 above these
w a v e l e n g t h s  a r e  0 . 0 7  a n d  0 . 0 1  r e s p e c t l v e l y  ( D r u n m e t e r  a n d  H a s s
r 9 6 4 ) .
To  l l J -us t ra te  the  improvement  in  co l lec to r  per fo rmance ob ta iner
m a k i n g  u s e  o f  s e l e c t i v e  s u r f a c e s ,  I  i s  d e p i c t e d  i n  f i g .  1 . 4  f o :
! L * ^  ^  - - -  1  
. , ^ -  ^ s  ^ *  I  ! h  a f  i r 6  { -  r z n i  ^ e  I  f O f  b l a C k  p a :L r r r c Y  - E L >  9 !  V d a u e S  - a  o a s  d t t u  L a  L r r q L  q ! e  L J I r r u q r
a n d  t w o  d i f f e r e n t  s e l e c t i v e  s u r f a c e s ,  r e s p e c t i v e l y .
We have taken h=0,  wh l le  the  o ther  parameters  a re  the  same
a s  b e f o r e .  A s  c a n  b e  o b s e r v e d  i n  f i g .  1 . 4 ,  t h e  e m i t t a n c e  v a l u e
dominant  a t  h igh  opera t ing  tempera tures .  However ,  a t  low
tempera tures ,  n  i s  ma j -n ly  de termined by  the  so la r  absorp tance.
F o r  p r a c t i c a l -  s e l e c t l v e  s u r f a c e s ,  a  l o w  e ^ i s  g e n e r a l l y  c o u p l e d
O o r : 0 . 9 7 ;  e o = 0 . 9 0
qos :  0 .90  ,  €o :  0 .  ?0
qos=  0 .80  ;  Eo=  0 .05
1/.0 't80 220
' t s (oC)  +
Fig. 1.4. CoLlector. efficiencU \ as a function of the absor.ber
tenrperature To fot, diffez,ent selectiue surfaees. Conduction and







\  -  
- - - - - _ * * _
to  a  somewhat  fower  oas  ds  a  resu l t  o f  the  cu t_o f f  behav iour .
T h e r e f o r e ,  t h e  o p t i m u m  s e l e c t i v e  s u r f a c e  f o r  a  p a r t i c u l a r
app l ica t ion  w i I l  depend on  the  opera t ing  tempera ture  o f  the
co l lec to r  -
i ,2, SurueA of spectral lg selectiue mateydals
The impor tance o f  spec t ra l  se lec t i v i t y  fo r  the  photo thermal
convers ion  o f  so la r  energy  has  been recogn ized a f te r  the  work  o f
T a b o r  ( 1 9 5 5 )  a n d  G i e r  a n d  D u n k l e  ( 1 9 5 5 ) .  S i n c e  t h a t  t i m e  n u m e r o u s
p r o c e s s e s  f o r  o b t a i n i n g  s e l e c t i v e  s u r f a c e s  h a v e  b e e n  d e v e l o p e d .
R e v j - e w s  h a v e  b e e n  p u b l i s h e d  b y  M e i n e l  a n d  M e l n e l  ( I 9 7 6 ) ,  D u f f i e  a n d
B e c k m a n  ( L 9 7 4 ) ,  P e t e r s o n  a n d  R a m s e y  ( 1 9 7 5 )  a n d  S e r a p h i n  ( 1 9 7 9 ) .
Near ly  a l -1  known se lec t ive  sur faces  cons is t  o f  an  absorb ing
coat ing  on  a  meta l  subs t ra te ,  the  coat j -ng  prov id j -ng  the  h igh  so la r
absorp tance and the  meta l  p rov id ing  the  low thermal  emi t tance.
The f l rs t  se lec t i ve  sur faces  were  main ly  meta l  o rgde and su lph i t le
layers  coated  on to  var ious  meta ls  such as  b lack  n icke l  and b lack
c h r o m e  ( T a b o r  1 9 5 5  a n d  1 9 6 7 ,  T a b o r  e t  a 1 .  f 9 6 4 ) ,  c o p p e r  o x y d e
( E d w a r d s  e t  a l .  1 9 6 2 ,  H o t t e l  a n d  U n g e r  1 9 5 9 ,  M a t t o x  a n d  S o w e l l
1 9 7 4 ,  C h r i s t i e  1 9 7 0 ) ,  i r o n  o x y d e  ( C h r i s t i e  I 9 l O ,  H o t t e l  a n d  U n g e r
1 9 5 9 ,  l { a r  e t  a l .  1 9 1 6 )  a n d  c o b a l t o x y d e  ( K o k o r o p o u l o s  1 9 5 9  a n d  } 9 6 4 ,
G i l l e t t e  I 9 6 0 ) .  B l a c k  n i c k e l  ( N i / Z n S ) ,  b l a c k  c h r o m e  ( C r / C r r O r )  a n d
c o b a l t  o x y d e  ( C o " o r )  a r e  p r o d u c e d  b y  e l e c t r o d e p o s i t i o n ,  c o p p e r
- J
oxyde (CuO)  and i ron  oxyde (Feron)  by  chemica l  oxydat ion .
These sur faces  have so la r  absorp tances  o f  about  0 .90  and thermal
e m i t t a n c e s  a t  I 0 0 o C  o f  a b o u t  O . I - 0 . 3 ,
T h e i r  l o n g - t e r m  t h e r m a l  s t a b i t i t y  c o n f i n e s  t h e i r  a p p l i c a t l o n  t o
opera t ing  tempera tures  in  the  range l5O-20OoC.  Poss ib le  except ions
a r e  b l a c k  c h r o m e  ( H a r d i n g  1 9 7 5 ,  S o w e l l  a n d  M a t t o x  1 9 7 8 ,  Z a j a c  a n d
I g n a t i e v  1 9 8 0 )  a n d  c o b a l t  o x y d e  ( v a n d e r  L e i j  1 9 7 9 )  w h i c h  s e e m  t o
remain  s tab le  we l l  above 20OoC.
R e c e n t l y ,  t h i s  c l a s s  o f  s e l e c t l v e  s u r f a c e s  h a s  b e e n  e x t e n d e d
with some new materials. Transit ion-metal carbides and rt i tr ides,
produced by  reac t ive  sput te r ing ,  a re  repor ted  to  be  s tab le  up  to
6 0 0 o C  i n  v a c u u m  a n d  e x h i b i t  a  v e r y  l o w  e m i t t a n c e  o f  O . O 2 - 0 . 0 6
( H a r d i n g  1 9 7 6 ,  B l i c k e n s d e r f e r  e t  a I  .  I g 7 7  )  .  A 1 s o ,  a  v e r y  g o o d
- 7  -
